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Structures of yeast Mediator complex, of a related complex from
mouse cells and of thyroid hormone receptor-associated protein
complex from human cells have been determined by three-dimen-
sional reconstruction from electron micrographs of single particles.
All three complexes show a division in two parts, a ‘‘head’’ domain
and a combined ‘‘middle-tail’’ domain. The head domains of the
three complexes appear most similar and interact most closely with
RNA polymerase II. The middle-tail domains show the greatest
structural divergence and, in the case of the tail domain, may not
interact with polymerase at all. Consistent with this structural
divergence, analysis of a yeast Mediator mutant localizes subunits
that are not conserved between yeast and mammalian cells to the
tail domain. Biochemically defined Rgr1 and Srb4 modules of yeast
Mediator are then assigned to the middle and head domains.
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A Mediator complex with '20 polypeptide components is
involved in regulation of RNA polymerase II transcription

in the yeast Saccharomyces cerevisiae (1, 2). A number of
complexes containing subunits homologous to those of the yeast
Mediator have been identified in higher organisms. These
related complexes include a murine Mediator (3), human thyroid
hormone receptor-associated protein (TRAP) complex, a coac-
tivator associated with the thyroid hormone nuclear receptor,
and other human complexes (4–9). Mediator and related com-
plexes interact with RNA polymerase II to form holoenzymes
and confer on the polymerase both enhanced activity in basal
transcription and responsiveness to transcriptional activators.
Evidence of direct Mediator–activator interaction has come
from the physical isolation of TRAP as a complex with thyroid
hormone receptor from hormone-induced but not uninduced
cells. Other human Mediators have been isolated as complexes
with activators or isolated by activator-affinity chromatography.

Initial structural analysis of yeast, murine Mediators, and
holoenzymes was performed by averaging a small number
(,100) of electron-microscope images of the complexes viewed
in a single orientation in projection. Despite rather limited
sequence homology, the yeast and murine complexes appeared
remarkably alike in size, shape, and conformational changes
associated with Mediator–polymerase interaction (10). Here we
present three-dimensional (3-D) structures of yeast and murine
Mediators and of human TRAP complex, obtained by averaging
hundreds of electron-microscope images from views in random
orientations. Beyond confirming the overall similarity of yeast
and murine Mediators and extending this result to TRAP, the
structures reveal details of surface and internal organization,
disclosing further similarities and also notable differences.

Materials and Methods
Sample Preparation and Data Collection. Yeast Mediator purified
from commercial yeast as described (11), mouse Mediator
purified as described (3), and human TRAP complex immuno-
purified from HeLa cells as described (12) were diluted to a

concentration of 15–25 mgyml and applied to specimen grids
covered with a thin amorphous carbon film. Because of their
relatively low abundance, the amounts of murine Mediator and
of the human TRAP complex available for our structural studies
were not sufficient for the preparation of unstained specimens;
thus, individual particles were imaged in negative stain. The
carbon film substrate was glow discharged before preparation of
the samples to facilitate adhesion of the molecules and aid
staining by making the film surface more hydrophilic. The
particles were negatively stained by using a 1% solution of uranyl
acetate. After staining, a second, prestained carbon layer was
placed over the specimen to ensure complete coverage of the
particles by the stain. Samples were examined by using a Philips
CM120 electron microscope, equipped with a LaB6 filament.
Fields of particles were imaged at 0°, 45°, and 55° degrees to the
incident electron beam, at a nominal magnification of 45,000.
Samples of a Dsin4 mutant yeast holoenzyme were prepared in
the same manner, by using mutant holoenzyme purified as
described (13), but the particles were only imaged at 0°. All
micrographs were digitized by using a Zeiss SCAI scanner, and
transferred to a Silicon Graphics workstation for analysis of the
images.

Data Analysis. All data analysis was carried out by using the
SPIDER suite of programs (14). The occurrence of a preferred
orientation for both yeast and mouse Mediator and for human
TRAP complex particles, made possible the application of the
random conical tilt reconstruction method implemented in
SPIDER. '2,500 particles were included in each data set, and after
careful classification and alignment, '700 yeast Mediator par-
ticles, '500 mouse Mediator particles, and '300 TRAP parti-
cles were used to calculate the reported structures. The initial
volume calculated by the back-projection method (15, 16) was
refined by centering the images of tilted particles used to
calculate the initial volume against corresponding projections of
the 3-D structure. Subsequently, the 3-D structure was refined
further by cross-correlating each individual particle in the input
data set against a set of reference projections calculated from the
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3-D structure. This refinement allowed for optimization of the
shift and rotation parameters assigned to each individual particle
and increased significantly the final resolution of the structure.
The final resolution was calculated by dividing each data set in
half, calculating two independent reconstructions, and then
applying the Fourier ring cross-correlation test (17, 18). For the
calculation of the projection map of the Dsin4 mutant holoen-
zyme, images of individual particles were aligned by using a
reference-free algorithm, to ensure that the final map was not
biased because of the selection of a particular reference image.

Results
3-D Structures of Mediator Complexes. The 3-D structures of yeast
and murine Mediators and of TRAP complex are shown in Fig.
1. All three complexes are formed by two separate domains, with
the bottom portion of the structures joined at approximately
right angles to a larger domain on top. The bottom parts of the
structures correspond to the head domain previously identified
in yeast Mediator (10). Of particular interest is the presence in
the head domain of the yeast Mediator complex of extended,
thin, side flaps (arrows in Fig. 1), which are not evident in images
of individual particles or in projection maps of yeast Mediator,
appear in lower-resolution reconstructions as short protrusions,
much like the ones observed along the sides of the head domain
in the murine Mediator and TRAP structures. A close interac-
tion between the Mediator head domain and RNA polymerase
II has been noted in the structure of the MediatoryRNA
polymerase II yeast holoenzyme complex (10). The concave
shape of the internal face of the head domains and the presence
of side flaps seem tailored to maximize and enhance contact at
the Mediator–polymerase interface.

Previous analyses of yeast and murine Mediators also revealed
a transition from a compact conformation like that shown in Fig.
1 to an extended conformation in the holoenzyme complex (10),
in which the top portion of the Mediator structure separates into
clearly distinguishable middle and tail domains. Close examina-
tion of single TRAP particles (Fig. 2) reveals a similar charac-
teristic: the top portion of a small percentage (,5%) of TRAP
molecules (that were not selected for inclusion in the data set
used to calculate the TRAP structure shown in Fig. 1) appears
partially extended, indicating that TRAP also undergoes a
conformational transition (in the case of yeast Mediator, the
fully extended conformation is also observed only in a small
percentage of molecules in the absence of RNA polymerase).
Although we have not studied the interaction of TRAP with
human polymerase, the presence of these partially extended
TRAP particles indicates that the top portion of the TRAP
structure shown in Fig. 1 is formed by a combination of two
(middle- and tail-like) domains.

Morphological differences among the three Mediator struc-
tures were greatest in the middle-tail domains. The order of sizes
of these regions corresponded with that of the total masses of the
three complexes—greatest for TRAP and smallest for murine
Mediator. Although the length of the middle-tail region was
similar for the three complexes, the detailed organization of this
region appeared completely different.

Structure of a Yeast Mediator Mutant. To relate structural features
of Mediator complexes to conserved and variable polypeptides,
we have undertaken the structural analysis of yeast Mediator-
deletion mutants. We began with a sin4 deletion strain, because
Mediator and holoenzyme isolated from this strain lack not only
Sin4 but also Gal11, Med2, and Pgd1 (‘‘Sin4 module’’; refs. 13
and 19). An average (projection map) calculated from '50
images of a single view of the Dsin4 holoenzyme is shown in
Fig. 3, superimposed on an outline of the projection map of the
corresponding wild-type complex. In the extended conformation
of Mediator seen in the wild-type holoenzyme, the head, middle,

and tail domains of Mediator are all clearly distinguishable; they
surround a central, globular, RNA polymerase II. In the Dsin4
holoenzyme, all features are present except for the tail domain.
In all likelihood, the components of the Sin4 module—Sin4,
Gal11, Med2, and Pgd1—constitute the tail domain.

Discussion
Our success in computing 3-D structures of Mediator complexes
from images of randomly oriented, individual particles attests to
the discrete nature and homogeneity of the complexes. The
similarities between the yeast and mammalian complexes in both
domain organization and details of head-domain morphology
strengthen the proposition that the mammalian complexes are

Fig. 1. Shown are 3-D structures of yeast Mediator (Left), murine Mediator
(Center), and of the human TRAP complex (Right). The orientation of each
complex in consecutive rows differs by 90°. (Top) Complexes in an orientation
corresponding to the preferred orientation of the respective particles on the
grid. (Bar 5 100 Å.) The arrows near the head domain of the yeast Mediator
indicate the ‘‘flaps’’ that must wrap around RNA polymerase II when the
holoenzyme complex is formed. Cut-off levels for displaying the different
maps were chosen to emphasize their overall domain organization. The
resolution of the maps is 30–35 Å, as determined by the Fourier-ring correla-
tion method (17), although a loss of resolution in the direction perpendicular
to the plane of Top results from incomplete sampling of the structures in that
direction.
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true counterparts of yeast Mediator (10). Morphological differ-
ences are concentrated in the region where the nonconserved
Sin4 module is located in the yeast complex.

From the location of the Sin4 module, we may extrapolate to
the arrangement of other Mediator components in the RNA
polymerase II holoenzyme structure. The Sin4 and Rgr1 sub-
units are physically associated in vivo (20), and the Sin4 module
is known to interact with the rest of the Mediator complex
through the carboxyl-terminal domain (CTD) of the Rgr1
subunit, because deletion of this domain causes the loss of the
entire module (13). These observations, together with the ab-
sence of physical interaction between head and tail domains in
the extended conformation of Mediator (and in the compact
conformation as well, based on inspection of the yeast Mediator
structure in Fig. 1), indicate that Rgr1 is part of the middle
domain.

Biochemical studies have shown a subdivision of yeast Medi-
ator into an Rgr1 module (with an associated Sin4 module) and

an Srb4 module (21). With the Sin4 module now relegated to the
tail and Rgr1 relegated to the middle domain, the Srb4 module
(21, 22) would plausibly correspond to the head domain (Fig. 4).
This assignment of the Srb4 module is consistent with the genetic
characterization of Srb proteins and the biochemistry of Media-
tor–RNA polymerase II interaction. Genes for the Srb2, Srb4,
Srb5, and Srb6 components of the Srb4 module were identified
as dominant, gain-of-function suppressors of Rpb1 CTD trun-
cation phenotypes (23, 24). This evidence of Mediator–CTD
interaction in vivo is supported by a requirement for the CTD for
Mediator–polymerase interaction in vitro (25). Srb proteins in
the head domain may, therefore, make a major contribution to
CTD binding, but they are not solely responsible for polymerase
interaction. Previous structural studies revealed species speci-
ficity of holoenzyme formation (10), despite the evolutionary
conservation of the CTD. This finding and the appearance
of additional contacts between the middle domain and the
polymerase suggest multiple points of Mediator–polymerase
interaction.

What correlation between the biochemical and structural
characteristics of Mediator can be made in light of the proposed
subunit mapping? All components of the Sin4 module, which
form the Mediator tail domain, are dispensable for cell viability
(25). Deletion of the Sin4 module results in a holoenzyme that
is competent in basal transcription but unresponsive to activation
by Gal4-VP16 or Gcn4 (19, 26), a limitation that can be bypassed
by artificial recruitment of the mutant holoenzyme to a promoter
(26). The components of the Srb4 module seem to play a more
general role. For example, although it can bind activators as well
as the wild-type enzyme, an Srb5 deletion mutant holoenzyme
is incompetent in both basal and activated transcription (24), and
this condition cannot be alleviated by artificial recruitment of the
mutant holoenzyme to a promoter (26). Involvement of the Srb4
module in control of basal-transcription activity is in keeping
with its proposed assignment to the Mediator head domain,
which interacts directly with RNA polymerase II (10).

Yeast, murine, and human Mediator complexes are similar in
overall organization despite their evolutionary divergence (ho-
mologous subunits are only marginally related and account for
at most 10–15% of the total mass). We suggest that, although
only distantly related biochemically, different Mediator-like
complexes share a basic mechanism for transcription regulation

Fig. 2. Original (Upper), and contrast-enhanced (Lower) images of individ-
ual TRAP particles that appear partially extended, revealing middle- and
tail-like domains that form the top portion of the TRAP structure shown in Fig.
1. The contrast-enhanced images were produced by applying a threshold to
the corresponding original image and then partially obscuring the back-
ground around the particle.

Fig. 3. Gray-scale projection map of a DSin4 mutant yeast holoenzyme
(lacking subunits Sin4, Gal11, Med2, and Pgd1), calculated after alignment
and averaging of '50 molecules preserved in uranyl acetate. (Bar 5 200 Å.) An
outline of the wild-type holoenzyme complex is shown for comparison (10).
Mediator in the mutant holoenzyme appears wrapped around polymerase
(pol II) in a extended conformation similar to that observed for the wild-type
complex, but comparison of the structures reveals that the ‘‘tail’’ domain
(labeled t in the wild-type holoenzyme outline) is missing, whereas the head
(h) and middle (m) domains are present and interact with RNA polymerase as
they do in the wild-type holoenzyme.

Fig. 4. Outline of the wild-type yeast holoenzyme and proposed location of
Mediator subunit modules identified by biochemical studies. The combined
mass of the subunits assigned to each Mediator domain (shown in parenthesis
along with the respective percentage of the total mass of the complex)
appears consistent with the apparent relative size of the different domains.
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that imposes a set of common structural requirements. Our
observations indicate significant structural similarities in do-
mains directly involved in interactions with the well conserved
RNA polymerase, and structural differences in domains that
might be involved in interactions with species-specific activator
and repressor proteins (e.g., the Sin4 module that forms the tail
domain in yeast Mediator). Our findings are consistent with
previous proposals (19, 26) that suggest an activation mechanism
involving more than simple recruitment of the transcription
machinery to a promoter (27). The structure and organization of
Mediator complexes seem to enable the transmission of regu-

latory information from modules that interact directly with
activators and repressors to modules that interact with RNA
polymerase and affect its function. The extensive conformational
transition that Mediator must undergo to interact with polymer-
ase in the holoenzyme could also play a role in regulation, and
studying the effect of different activators and repressors on the
conformations of Mediator and holoenzyme might reveal its
significance.
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